The Forteo Patient Registry (FPR) aims to estimate the incidence of osteosarcoma in US patients treated with teriparatide. Enrollment began in 2009 and will continue through 2019, with linkage planned through 2024. To date, no incident cases of osteosarcoma have been identified among patients registered in the FPR. Introduction The Forteo Patient Registry (FPR) was established in 2009 to estimate the incidence of osteosarcoma in US patients treated with teriparatide. The objective of this paper is to describe study methods, challenges encountered, and progress to date. Methods The FPR is a prospective US registry designed to link data from participants annually with state cancer registries. Patient enrollment is planned for 10 years (2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018)(2019) and annual linkage with US state cancer registries for 15 years (2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018)(2019)(2020)(2021)(2022)(2023)(2024). All US state cancer registries and DC were invited to participate. Patients are recruited using pre-enrollment materials included in teriparatide device packaging, kits, and brochures distributed by health-care providers; a toll-free number; and a study website. A linkage algorithm is used to match data from enrolled participants with cancer registry data. Results For the eighth annual linkage in 2017, information necessary for linkage with 63,270 patients in the FPR was submitted to each of the 42 participating registries. These patients contributed approximately 242,782 person-years of follow-up. A total of 5268 adult osteosarcoma cases diagnosed since January 1, 2009, were available for linkage from participating state cancer registries. To date, no incident cases of osteosarcoma have been identified among patients registered in the FPR. Conclusions Based on the estimated 242,782 person-years of observation as of the eighth annual linkage and projecting current enrollment rate to study end in 2024, it is anticipated that the completed study will be able to detect a fourfold increase in the risk of osteosarcoma if one exists.
Introduction
Osteoporosis is estimated to affect 10.2 million US individuals aged 50 years or older [1] . Teriparatide (Forteo; Eli Lilly and Company) is a recombinant human parathyroid hormone analog that stimulates new bone formation on trabecular and cortical (periosteal and/or endosteal) bone surfaces by preferential stimulation of osteoblastic activity over osteoclastic activity. Recent research has shown teriparatide to significantly increase modeling-based, remodeling-based, and overflow modeling-based bone formation [2] . Teriparatide was first approved in November 2002 in the United States (US) and is indicated for the treatment of postmenopausal women with osteoporosis at high risk for fracture, and to increase bone mass in men with primary or hypogonadal osteoporosis at high risk for fracture. In July 2009, teriparatide was approved for the treatment of osteoporosis associated with sustained systemic glucocorticoid therapy (glucocorticoid-induced osteoporosis [GIO]) in both men and women. Teriparatide is administered daily by subcutaneous injection with a recommended duration of up to 2 years.
Results from safety analyses conducted in clinical trials suggest that teriparatide has an acceptable safety profile, with Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00198-018-4604-8) contains supplementary material, which is available to authorized users. side effects including (but not limited to) pain, headache, nausea, dizziness, and depression [3] . However, in rat toxicology studies, teriparatide caused increases in bone mass and a dosedependent increase in the incidence of osteosarcoma [4] . In subsequent animal studies, a no-effect dose of 5 μg/kg/day was identified in rats [5] , and a long-term study found no bone tumors after treatment with this dose in cynomolgus monkeys, in which skeletal biology is similar to that in humans [6] . Differences in bone physiology between rodents and primates may partly explain the greater sensitivity of the rat skeleton to parathyroid hormone relative to the primate skeleton [4] . Moreover, administration of teriparatide for up to 2 years in rat studies spanned more than 80% of the normal life span and 25 to 30 cycles of bone turnover (in contrast with 1 to 3 cycles of bone turnover during the anticipated duration of treatment with teriparatide for osteoporosis in humans) [4] .
Owing to the uncertainties in applying results from animal studies to humans, two large-scale safety studies were initiated in 2003 [7] and 2004 [8] to assess the risk of osteosarcoma in humans exposed to teriparatide [9] . As a condition for approval of teriparatide for a new GIO indication, the Food and Drug Administration (FDA) required the implementation of an additional study, a voluntary, prospective registry to estimate the incidence of osteosarcoma in patients receiving treatment with teriparatide [10] . The Forteo Patient Registry was established in 2009 as a prospective voluntary registry of patients treated with teriparatide to better understand its long-term safety.
The objective of the Forteo Patient Registry study is to estimate the incidence of osteosarcoma in patients who have received treatment with teriparatide. Because adult osteosarcoma is rare (2.6 cases per million persons per year [11] ), the study requires a large number of teriparatide users from across the US and participation by a large percentage of US cancer registries. A prospective study design of teriparatide users linked with cancer registries was chosen because cancer registries offer comprehensive and accurate capture of tumor cases, including osteosarcomas. Cancer reporting is mandatory in all states of the US, and individual states determine how, if, and when data can be released to external researchers. Registries receive reports from physicians, treatment and radiation facilities, hospitals, and pathology laboratories and collect detailed clinical data, including tumor site and tumor stage at diagnosis. The aim of this paper is to describe overall study methods, challenges faced, and progress of the Forteo Patient Registry.
Methods

Registry overview
The Forteo Patient Registry was established in 2009 to estimate the incidence of osteosarcoma in patients who have received treatment with teriparatide. Patients aged 18 years and older who have used teriparatide at least once and reside in the US are eligible to enroll. Patients become aware of the registry from a variety of sources and can voluntarily elect to enroll, following simple pre-enrollment, consent, and enrollment processes. To protect patient privacy and minimize patient burden, only teriparatide treatment information that is necessary to confirm exposure to teriparatide and demographic information to enable subsequent linkage with cancer registries are collected. Annually, the information from all enrolled participants is linked with all participating cancer registries to ascertain any incident cases of osteosarcoma. Patient enrollment is planned for a total of 10 years (2009-2019), and linkage is planned for a total of 15 years (2010-2024).
A patient is considered exposed to teriparatide if they have self-reported use of the drug at least once. Patients are classified as new users if they initiated teriparatide less than 3 months from the date of registration, recent users if the teriparatide start date is 3 to 6 months prior to registration, and past users if they initiated more than 6 months prior to registration. An osteosarcoma case is defined as histologically confirmed osteosarcoma that produces osseous matrix and falls within one of the categories identified using International Classification of Diseases for Oncology, Third Edition (ICD-O-3). This study includes only incident osteosarcoma cases, which are defined as diagnosis of osteosarcoma after date of first starting teriparatide and after enrollment in the Forteo Patient Registry.
The study was approved by the RTI International (RTI) institutional review board (IRB) on June 11, 2009 . Local IRBs affiliated with participating state cancer registries also approved the study when required.
Study size and power
The initial registry target was to observe 1.7 million patientyears of follow-up within the study population by the end of the study. This target was based on projected sales, anticipated number of patients that would enroll in the registry, and number of registries expected to participate and a goal to have sufficient power to observe a threefold increase in risk of osteosarcoma compared with the background rate at the time of study planning of 2.7 cases per million population per year (95% confidence interval, 2.4-3.0; age-adjusted to the 2000 US standard population) [12] . A threefold increase in risk would equate to an absolute risk increase of approximately one extra case per 185,000 patient-years observed.
Patient recruitment
The primary means of recruitment is pre-enrollment forms included in the teriparatide device packaging, starter kits, and brochures distributed by physicians or nurses. To educate physicians and key office staff about the registry and support conversations with patients encouraging them to enroll, educational materials (i.e., a Highlighted Information for Prescribers document summarizing safety information and describing the registry, a Dear Health Care Professional letter, and a summary in the teriparatide US prescribing information) and communication materials (i.e., a conversation tool, introductory materials about the registry, and pre-enrollment forms) have been distributed to physicians known to have prescribed teriparatide. The method for recruitment is tracked based on codes embedded on each of the individual pre-enrollment forms. Patients also may enroll through a toll-free number or study-specific website (www.forteoregistry.org).
Patient enrollment
Patients express interest in the registry via a completed preenrollment form. Pre-enrollment information includes patient contact information and confirmation that they have received teriparatide (i.e., the month and year they started using Forteo). Eligible pre-enrolled patients are mailed a registration letter, registration form, informed consent form, and small monetary token of appreciation for their time in completing the forms. The registration letter and study forms were tested through an iterative cognitive interviewing process with representative patients and treating physicians to maximize patient acceptance and understanding. Patient registration is complete once completed forms are returned. Up to 10 reminder call attempts are made for patients who do not return their consent and registration forms within 3 weeks.
After registration, no further data are actively collected on teriparatide use or other clinical events. Patient information is subsequently included in the annual linkage with state cancer registries (see Fig. S -1 in the electronic supplementary material).
Cancer registry linkage
Cancer registry recruitment
In May 2009, registries in all 50 states and the District of Columbia were invited to participate in the Forteo Patient Registry. Of these, 42 expressed initial interest in participating. All necessary applications and agreements for study approval, including ethics and data use agreements, were submitted to individual state cancer registries that expressed interest. States were considered Blinkage-ready^once all required approvals were obtained and a work agreement was established.
Linkage
RTI Health Solutions created and tested a standard linkage algorithm before implementation in the field [13] . Link Plus (v2.0), a probabilistic matching software program available from the Centers for Disease Control and Prevention (CDC), was used to develop the algorithm. The software was selected because it was designed specifically for linking with state cancer registry data, is easy to use, and is readily accessible. Link Plus utilizes probabilistic methods to assign a Bweightt o possible matched pairs based on the number of variables that agree (match) between the two records. Specifically, a set of blocking variables was established (see Fig. S-2 in the electronic supplementary material), at least one of which had to exactly match between the two data sources. If there was an exact match on a blocking variable, additional matching variables were used to calculate maximum likelihood weights for the potential matching pair; clarifying variables assisted in helping to determine if a possible pair was a match. The weights were calculated based on the number of matching variables (i.e., the more matching variables, the higher the weight) and their uniqueness (i.e., less common values were given higher weights). We used a cutoff value of 1 to determine if a weight for a given pair indicated a potential match. Potential matches were subsequently reviewed manually according to pre-specified guidelines to determine the final match status. A match was counted as a reportable study outcome only if the date of osteosarcoma diagnosis occurred after the date of starting teriparatide and after enrollment in the study. This is considered an incident case.
Before field implementation, a test linkage was performed with three participating state cancer registries using the proposed standard algorithm, instructions, and guidelines [13] . Briefly, true cases of osteosarcoma with missing or intentionally miscoded data (n = 161) and true negative cases consisting of mock data (n = 156) were sent to the cancer registries. These cases were linked to the existing registry database to assess the accuracy of the linkage algorithm. A pair was considered a match if it exceeded the set cutoff value of 1 in Link Plus. The individual state cancer registries resolved any possible linkages using written guidelines that included manual review of similarities in key linkage variables. The overall test sensitivity was 97%, and the overall test specificity was 95%; approximately 96% of all cases matched, including both positive and negative matches. Cancer registries then were trained to use the algorithm via in-person and web-enabled training sessions. Registry staff were instructed on which variables to use as blocking, matching, and clarifying variables.
Annually, to complete the linkage, cumulative registration data, including name, date of birth, last four digits of social security number (to increase probability of response to this item on the registration form), and race and ethnicity from all eligible patients enrolled to date in the study, are sent to all participating state cancer registries via a secure file transfer protocol. State cancer registries then conduct the linkage locally with all incident osteosarcoma cases in adults aged 18 years and older diagnosed since January 1, 2009, in their state cancer registry database.
Cancer registry variables
If a match occurs during linkage, the following variables are requested from the cancer registry: date of diagnosis; age at diagnosis; histology (ICD-O code); state of residence at diagnosis; site and laterality, where applicable; stage; and grade.
Adverse event reporting
Although adverse events (AEs) and product complaints (PCs) are not solicited in the Forteo Patient Registry, any spontaneous reports of Forteo AEs and/or PCs from patients by mail or telephone during the conduct of the study are reported to the teriparatide manufacturer as spontaneous events. Any matches that occur during the course of linkage with the cancer registries are considered serious AEs and are also reported to the teriparatide manufacturer.
Results
To date, eight linkages have been conducted. As of September 30, 2017, 64,975 patients have been registered (Fig. 1 ).
Patient characteristics: demographics and teriparatide experience
Patients who completed registration in the Forteo Patient Registry were predominantly non-Hispanic white females aged 65 years or older (Table 1) . The overall sex distribution of patients in the registry (89% female, 11% male) is similar to the sex distribution of the general Forteo user population in the US (91% female, 9% male) [14] . Figure 2 displays the distribution of age category stratified by sex of patients enrolled in the registry. The distribution of age by sex for those enrolled in the Forteo Patient Registry is generally similar to that of Forteo users in the general population [14] . At least one patient from each state is included in the Forteo Patient Registry, and the distribution of patients is consistent with the size of the population in each state (Fig. 3) .
BNew use^of teriparatide was defined as a teriparatide start date less than 3 months from the date of registration. 70% of registrants were Bnew users^at the time of enrollment, 18% of registered patients started teriparatide 3-6 months prior to enrollment, and 12% of registered patients started Forteo more than 6 months before enrollment. Table 2 shows the cumulative number of patients registered through September 30, 2017, by mode of pre-enrollment based on the type of forms received to date. Forteo packaging was the main source of pre-enrollment forms among registered patients, with other promotional materials the second most frequent source.
Distribution of registered patients by method of pre-enrollment
Cancer registry recruitment
Of the 42 registries (out of 51 invited) that initially expressed interest in participating, 27 completed all necessary approvals in time to participate in the first annual linkage in 2010. Table S-1 in the electronic supplementary material presents the participation among registries in the annual linkages from 2010 to 2017. The 42nd registry, which was initially unable to participate, joined during the seventh linkage in 2016 (Table S-1). The 42 registries currently participating cover 92% of the US population aged 18 and older, with 93% coverage of osteosarcoma cases in patients aged 18 years and older.
Cancer registry linkage
For the eighth annual linkage, a total of 63,270 patients in the Forteo Patient Registry were linked with a total of 5268 adult osteosarcoma cases. These cases were diagnosed since January 1, 2009, through the latest available date in the research database of each of the 42 individual state cancer registries at the time they performed the 2017 linkage. To date, no incident cases of osteosarcoma have been identified among the patients registered in the Forteo Patient Registry.
Due to the average lag time of 9 to 18 months between date of diagnosis and the date that complete data are available for cases in the cancer registry database, not all cases for more recent diagnosis years are available. On average, registries reported being mostly complete for diagnosis years 2009-2014, almost complete for diagnosis year 2015, partially complete for diagnosis year 2016, and only 5% complete for diagnosis year 2017, as reflected in the actual number of cases reported by year, shown in Table 3 .
Progress toward target study size and power
An estimated 242,782 person-years of observation were available as of the 2017 annual linkage (n = 63,270). Projecting the current enrollment rate to the planned end of the study in 2024, it is anticipated that the completed study will be able to detect a fourfold increase in the risk of osteosarcoma if one exists. This would translate into approximately one additional case per 123,000 person-years of observation.
Discussion
After 8 years of follow-up, we found no incident osteosarcoma cases among teriparatide users registered in the study. Although one patient who enrolled in the Forteo Patient Registry matched to an osteosarcoma case from a participating state cancer registry during the seventh linkage, details on this case revealed this was not an incident osteosarcoma case. Prior to enrolling in the Forteo Patient Registry, the patient had been diagnosed with osteosarcoma after being treated with Forteo. Because this case did not qualify as incident or newly diagnosed after study enrollment, it did not qualify as a reportable study outcome. This case was reported to the FDA by the teriparatide manufacturer, as required.
Our ability to draw conclusions about the incidence of osteosarcoma in teriparatide patients in this interim report is limited, as the study has not completed. The initial registry target was to observe 1.7 million patient-years of observation within the study population. Based on the estimated 242,782 person-years of observation as of the 2017 annual linkage and projecting the current enrollment rate to the end of the study in 2024, it is anticipated that the completed study will be able to detect a fourfold increase in the risk of osteosarcoma if one exists. Among adults older than 24 years, an estimated 15 to 35% of tumors were classified as having distant metastases upon diagnosis [15] . It must be noted that the Forteo Patient Registry does not collect information on duration of teriparatide use or other clinical events after registration. In general, the depth of clinical information available from the study is somewhat limited. Given low exposure to teriparatide and the rare outcome of osteosarcoma, a simple registration process was used to optimize patient enrollment by minimizing patient burden. The recruitment process used in the Forteo Patient Registry was novel in that patients were informed about the study directly through teriparatide packaging, rather than by study sites selected to recruit patients. This approach was intended to encourage broad participation and maximize registry recruitment rate, a known challenge in registry studies.
A previous study using prescription records and the Danish National Patient Register (using ICD-10 discharge codes for inpatient and outpatient contacts) examined the incidence of malignancies including osteosarcoma and mortality in patients with osteoporosis treated with teriparatide. This study showed no evidence of an association (i.e., no cases occurred in any of the approximately 3500 patients treated with teriparatide, although the study had fewer than 9000 person-years of followup) [16] . In addition to the Forteo Patient Registry, a long-term study, the Osteosarcoma Surveillance Study, is being conducted concurrently in the US using a different study design [17] . This 15-year retrospective study identifies all osteosarcoma cases and then attempts to assess teriparatide exposure through patient interviews. A study using a similar design was implemented in Europe in 2004 under a postmarketing commitment to the European Medicines Agency and has been completed with no evidence of an increased risk (although the study was powered to only detect a large risk if one existed) [9] . In addition, two studies using US claims data to identify exposure and linkage with state cancer registries to identify osteosarcoma are ongoing to also examine whether use of teriparatide causes an increased risk of osteosarcoma compared with a general population matched to age, sex, geographic location, and overall health status [18] . Findings from all of these studies will help provide a better understanding of the long-term safety of teriparatide.
The results of the linkage between the Forteo Patient Registry and cancer registry data indicate that it is feasible for many US state cancer registries to perform a data linkage using a standard algorithm to evaluate medication exposure. Previous studies conducting linkage with multiple cancer registries have been limited, most likely because of the time and coordination commitment that are needed, and use of SEER-Medicare files which are already linked are of limited value when studying rare cancers. One other study has been identified that is attempting linkage to multiple cancer registries. The Adventist Health Study-2, a nationwide cohort investigating the effects of diet on cancer, is attempting to link to cancer registries of all 50 US states and the Canadian provinces [19, 20] . Although there may be significant administrative requirements, using multiple registries provides clear advantages in estimating the population-level incidence of cancer-related outcomes for rare cancers. This is particularly important for outcomes, like osteosarcoma, that cannot be identified using ICD-9/10 codes. Registry data include detailed clinical information that is unavailable in traditional administrative claims databases and cancer diagnostic coding that is more specific than coding used for claims that are commonly used for studying rare disease outcomes. Data that cancer registries provide can include tumor stage and site, information on metastases. Additionally, cancer registries can provide partial social security numbers during the linkage process, which increases sensitivity and specificity of the match substantially above linkages without social security numbers [21] . Finally, most of the state registries have a mandate to use their data for research purposes and thus were interested in participating in the research project, indicating that there is willingness to engage in studies with outside partners. There are challenges in conducting a linkage study with multiple cancer registries. Most notably, extensive coordination with individual state cancer registries and navigating the various application and approval processes are necessary to gain participation from each registry [22] . Many states require multiple approvals, including review by their affiliated local IRBs, and considerable time (i.e., 5 to 18 months for approval, plus additional time to identify registries) was invested in effective communication and collaboration with cancer registries. The Virtual Pooled Registry (VPR), a future potential solution, is a project coordinated by the North American Association of Central Cancer Registries (NAACCR) with funding by the National Cancer Institute (NCI) [23] . The VPR seeks to make the process for minimal risk data linkage with multiple state cancer registries more efficient. Once fully operational, researchers will submit a single application to NAACCR for approval. The researcher's cohort file will then be securely sent to all interested registries simultaneously. Each registry then conducts the linkage behind their local firewall and reports only the number of matched cases, by state, back to the researcher. The researcher can then prioritize which registries to approach for release of cancer information, which may include applying to that state's IRB. NAACCR is also developing ways to streamline the registry and IRB application process, including using a central IRB or a standard set of application materials acceptable to local IRBs. NAACCR is currently performing pilot linkages and finalizing processes and anticipates making the VPR available to researchers in 2019. An additional challenge of this study was registry participation: some registries declined to participate in the study because of lack of interest or available staffing resources. Nevertheless, this study ultimately enrolled all registries (42) that expressed an interest out of 51 registries in the US, covering 93% of osteosarcoma cases diagnosed in the US population aged 18 years and older, which far exceeded the original goal of 25 registries, covering 60% of osteosarcoma cases.
No incident osteosarcoma cases among teriparatide users registered in the Forteo Patient Registry have been identified after 8 years of follow-up. This article represents an interim report on the study. Patients will continue to be enrolled through 2019, and annual linkages are planned to be conducted through 2024. Population-based studies that use data from state cancer registries can play an important role in drug safety surveillance activities, particularly for outcomes not identified using ICD-9/10 codes. There is significant opportunity for further collaboration serving the public and regulatory interest in clarifying the long-term risk of cancer associated with many therapies. In the absence of a national cancer registry with patient-level identifying data in the US, studies in the future will require participation of multiple statewide cancer registries.
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